By means of an interferometric line sensor system, the form of a specimen can be measured by stitching several overlapping circular subapertures to form one 3D topography. This concept is very flexible and can be adapted to many different specimen geometries. The sensor is based on a Michelson interferometer configuration that consists of a rapidly oscillating reference mirror in combination with a high-speed line-scan camera. Due to the overlapping areas, movement errors of the scan axes can be corrected.
INTRODUCTION
As a result of improved precision machining methods, more precise mechanical or optical components and surfaces can be produced. Such methods include diamond turning, polishing, high-precision impression processes and ion beam processing. Accurate, non-contact form measurement is the most important form of technology for the use and application of these precision-machined surfaces.
Modern industrial fabrication processes require that the surface form of precision-machined components such as optical lenses and microelectromechanical systems exhibit a high degree of quality and accuracy. Optical sensors provide highprecision, non-contact surface measurements in order to verify these quality requirements, even on fragile surfaces. These sensors are based on different approaches [1] that can be roughly divided into pointwise and areal methods. Tactile or optical point sensors are moved laterally along the surface of the specimen to obtain a 3D point cloud. For this reason, a complete 3D topography measurement is very time-consuming; the accuracy of pointwise measuring systems is mainly influenced by the accuracy of the movement system. Point sensors are nevertheless very flexible and can be used to measure a wide range of specimen geometries. One advantage of mechanical probing systems is that they can model the interaction between the sensor and specimen very well [2] . However, their disadvantage is the fact that the measured surface can be damaged by the sensor [3] . Optical pointwise measuring sensors (e.g. chromatic-confocal sensors or interferometric sensors using multi-wavelength methods) have large measurement ranges and large working distances of up to several millimeters, but most of these sensors have to be aligned very precisely with respect to the specimen's surface in order to improve the measurement signal quality [4] . In addition, they often show angle dependencies. Areal surface scans can be performed by using one-or two-dimensional optical sensors. These sensors measure more than one surface position simultaneously, thereby reducing the time required to take measurements of a complete 3D topography, but also limiting their flexibility. Due to the restricted measurement range of the optical system, large surface-height variations within the measurement area can only be measured by using additional mechanical or optical elements (e.g. computer-generated holograms [5] or optical path length variation). Commonly used methods are whitelight or phase-shifting interferometry [6, 7] .
A schematic diagram of a white-light interferometer is shown in Figure 1(a) . A wavefront illuminates the reference mirror and the specimen. The scanning process is performed by moving the specimen along the optical axis. Due to the high spectral bandwidth of the illuminating light ('white light'), interference fringes appear when the length of the optical paths differs by not more than half of the coherence length of the light. By contrast, a phase-shifting interferometer uses a light source with a small spectral bandwidth such as a laser (see Figure 1(b) ). The interferometer shifts the phase by moving the reference mirror in defined steps of fractions lower than a quarter of the wavelength. The phase can also be shifted using optical polarizers, and the interferograms can be recorded in a single image frame [8] . This one-shot technique more robust against mechanical vibrations than the conventional approach. The image can be recorded by one sensor [9] or by several sensors [10] to enlarge the lateral resolution of the resulting data. If the whole surface of the specimen cannot be captured by one image, stitching methods can be used to combine several subapertures to form a complete topography. Commercial systems which use stitching technologies are available from QED [11] . This measurement system tilts the specimen with respect to the sensor in order to obtain several interferograms of the specimen with a reasonable fringe density. In contrast to the existing approaches, the measurement system we are developing uses an interferometric line sensor that is tracked to the specimen's contour [12, 13, 14] . The line sensor combines the advantages of areal methods (fast measurements) and pointwise methods (fewer restrictions for the surface under test). It is possible to achieve shorter measurement times when compared to pointwise techniques because of the parallel recording of the pixels along the line. An additional advantage when compared to areal methods is that the line-scanning interferometer can be adapted flexibly to the specimen's geometry by using tracking software. We use an oscillating reference surface to enhance the measurement speed [15, 16] and to realize the sinusoidal path length modulation previously described by Sasaki et al. [17, 18] .
In this paper, we present the setup of a measurement system that combines white light and phase-shifting interferometry. We show measurement examples regarding the repeatability of 3D topography measurements and subaperture measurements that are stitched to a complete 3D topography. Finally, we give an outlook of possible improvements to the system.
SETUP OF THE LINE-SCANNING INTERFEROMETER
The line-scanning interferometer used throughout this paper is based on a Michelson interferometer configuration with an oscillating reference surface. A green LED in combination with a bandpass interference filter is used as a light source for the sinusoidal phase-shifting mode. The filter reduces the bandwidth of the light source (center wavelength: 532 nm, FWHM: 10 nm), thereby increasing the coherence length and the measurement range of the sensor to about 18 µm. A broadband white-light LED is used as a light source for the white-light scanning mode. Both LEDs are combined via a beam splitter in order to avoid mechanical vibration while switching between the two measuring modes. After passing the beam splitter, the illuminating light is collimated in such a way that a nearly plane wavefront illuminates the reference surface and the specimen. Both surfaces are imaged using a microscope objective lens and a tube lens onto the line-scan camera (see Figure 2 (a)) that comprises 1024 pixels with a pixel size of 10 µm. The 5x magnification microscope objective images an area of approx. 2 mm x 2 µm onto the specimen. In the current setup, the minimum measurable radius of curvature of the specimen is about 50 mm. This is due to the limited coherence length, the microscope magnification and the pixel size of the line-scan camera. Typical diameters of specimens are in the range of 25.4 mm. The interferometric sensor is mounted on a five-axis movement system (axes x, y, z, x b and b) and the specimen is fixed on a rotational table (axis c) underneath the sensor. For the alignment of the specimen with respect to the rotational axis c, a manual tilt-stage in combination with an x-y-stage is mounted onto the c-axis. The y-axis is used to align the sensor to the centre of rotation of the c-axis. If the radius of curvature of the specimen is small, more effort is necessary to track the sensor relative to the contour of the specimen in order to ensure that the fringe density stays within a reasonable range. Therefore, the form of the specimen determines which axes have to be used for the tracking process: for example, for plane objects, only the x-and c-axis are used, whereas for convex specimens, the tracking system is expanded to the b-and x b -axis (see Figure 2 
MEASUREMENT PROCEDURE
The camera line is positioned with respect to the radial direction of the specimen in the x-direction (see Figure 3) . The first subaperture is measured at the outer edge of the specimen. The rotational scans are performed over more than 360° to achieve a certain overlap of the measurement data. This data can be used to confirm the results or to correct possible drifts, such as those caused by the movement system. After one ring i is measured, the sensor is moved in radial direction x by half of the length captured by the camera line (approximately 1 mm). In this position, the circular subaperture i+1 is measured with a radial overlap of about 50 percent to the previous circular subaperture i. This process is repeated until the whole specimen has been scanned. To calculate the sensor positions, prior knowledge of the specimen's geometry (the positioning accuracy required is less than 10 µm) and the absolute distance between the specimen and the sensor can be used. This knowledge can be obtained from the design data or from a coarse measurement of the specimen in the 10 µm range. The absolute distance between the sensor and the specimen can be determined using a triangulation procedure wherein the sensor is positioned in such a way that it is perpendicular to the surface at two or more different positions [16] . If the design data is not accessible, the sensor can perform an interferometric high-speed white-light depth scan using the x b -axis before measuring a circular subaperture. The depth scan is performed by moving the sensor and using the encoder of the scanning axis to trigger line scans at equidistant positions with a minimum sampling interval of 55 nm.
Using the high-speed line-scan camera with a line rate of about 54,000 lines per second, this setup is capable of performing a white-light scan with a scanning speed of several mm/s, mainly influenced by the selected sampling interval (e.g. 5 mm/s for a sampling interval of 150 nm). For the correction of the sensor position between two successive circular ring measurements, a distance of less than 1 mm needs to be scanned; this results in a measurement duration of about 10 s, including the evaluation of the measurement data. This scan measures the absolute height and the slope of the sensor with respect to the local surface. This information can be used to align the sensor in such a way that it is perpendicular to the surface of the specimen. 
TRACEABILITY
Traceability means that a measurement is traceable to the International System of Units (SI). For the line-based measurement system, the topography z(x,y) can be traced to the meter. Figure 4 shows a simplified model of the traceability chain. The reference surface can be measured against an optical reference flat calibrated by a national metrology institute (NMI). The light source (an LED with an optical bandpass filter) can be qualified by the spectrum of the light source using a calibrated wavemeter. The movement system can be traced by calibrated glass scales or a calibrated length interferometer. Figure 5 shows the result of the high-speed white-light measurement of a 90 nm step-height structure using a sampling interval of 55 nm and a scanning speed of 0.5 mm/s. The left part shows the correlogram (black) with the envelope (blue), while the right part shows the surface profile resulting from the evaluation envelope position (blue), the phase evaluation (red) and the marked mean height levels (green). From the measured profile, the mean absolute height of the detected structure is calculated and the sensor is axially moved to that height. For surfaces without height steps, the slope of a linear fit to the measurement data can be used to reduce the tilt of the sensor to the local surface of the specimen until the optical axis of the sensor agrees with the surface normal. In this context, it should be mentioned that the whitelight interference measurement is used merely to achieve a fast absolute positioning of the line-scan sensor with submicrometer accuracy. This takes place prior to the actual measurement using the same sensor in the sinusoidal phaseshift mode by switching from white LED illumination to green LED illumination (see Figure 2 (a) ). In order to check the repeatability of the whole system, a spherical specimen with a diameter of 1 inch is measured ten times. The measured height data of the single subaperture rings are stitched together to form a 3D topography. Following this, the median topography and the standard deviation of the ten successively measured topography data sets is calculated. These results are displayed in Figure 6 . The standard deviation from the median topography defined as repeatability is about 5 nm. Figure  7 (d) reveals a systematic height step of approximately 100 nm at a certain angular position. This is a consequence of the current data correction and stitching strategy, and needs to be eliminated by improving the evaluation software. It seems that the best-fit for the stitching in the overlapping area from ring to ring is weighted more than the overlapping area that is measured by one ring scan; however, this is under investigation. 
MEASUREMENT RESULTS

OUTLOOK
The measurement system presented in this article can be used for many differently shaped specimens, ranging from aspheres and spheres to planes. The combination of sinusoidal phase-shifting interferometry for topography measurement and white-light interferometry for accurate positioning provides highly accurate geometry tracking and fast and flexible measurement. Our system may be of interest for industrial precision measurement and engineering because it can be set up for a moderate price. If microscope objectives with higher magnifications are used, or if only the central parts of the camera line are evaluated, the minimum measurable radius of curvature of the specimen can be reduced. To measure even steep asphere geometries in extreme cases, a single sensor pixel of the line-scan camera can be used for measurement (resulting in a point sensor). A real-time signal processing capability would allow the sensor to be tracked while the specimen is rotated along the c-axis during measurement. This would permit specimens (or even free-form surfaces) to be measured without any prior knowledge. In future, the measurement uncertainty should be minimized by using additional sensors for the measurement of the errors of the rotation axis c, or by using redundant measurement data as additional information to correct the errors of the rotational axis.
In addition, the sensor should be mounted in a new movement system to measure specimens with diameters of up to 300 mm.
